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ABSTRACT
We compare the optical properties of the host galaxies of radio-quiet (RQ) and radio-loud (RL) Type 2 active galactic
nuclei (AGNs) to infer whether the jet production efficiency depends on the host properties or is determined just by
intrinsic properties of the accretion flows. We carefully select galaxies from SDSS, FIRST, and NVSS catalogs. We
confirm previous findings that the fraction of RL AGNs depends on the black-hole (BH) masses, and on the Eddington
ratio. The comparison of the nature of the hosts of RL and RQ AGNs, therefore, requires pair-matching techniques.
Matching in BH mass and Eddington ratio allows us to study the differences between galaxies hosting RL and RQ
AGNs that have the same basic accretion parameters. We show that these two samples differ predominantly in the
host-galaxy concentration index, morphological type (in the RL sample the frequency of elliptical galaxies becoming
larger with increasing radio loudness), and nebular extinction (galaxies with highest radio loudness showing only low
nebular extinction). Contrary to some previous studies, we find no significant difference between our radio-loud and
radio-quiet samples regarding merger/interaction features.
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1. INTRODUCTION
At least 10% of active galactic nuclei (AGNs)
is associated with radio sources powered by jets
(Kellermann et al. 2016, and references therein). The
radio loudness of these AGNs – defined to be the ratio
of the radio flux to the optical flux – covers three to four
orders of magnitude (e.g. Sikora et al. 2007; Lal & Ho
2010). This implies very diverse jet production efficien-
cies. For jets powered by rotating black-holes (BHs;
Blandford & Znajek 1977), such a diversity can result
from the spread of the BH spins and magnetic fluxes.
If the values of these parameters are mainly deter-
mined by the cosmological evolution of the BH and
its environment prior to the AGN/quasar phase, then
one might expect to see correlations between the ra-
dio loudness and some properties of the host galaxies
and their environments. And, indeed, such correlations
have been indicated by several independent studies us-
ing different samples. It was claimed that the most
radio-loud AGNs are preferentially hosted by bulge-
dominated galaxies with masses larger than 1011M⊙
and BH masses larger than 108M⊙ (e.g. Laor 2000;
Dunlop et al. 2003; Floyd et al. 2004; McLure & Jarvis
2004; Best et al. 2005); the fraction of galaxies with
disturbed morphology is larger in RL AGNs than in RQ
AGNs (Bessiere et al. 2012; Chiaberge et al. 2015); the
star-formation rate (SFR) in the hosts of RL AGNs is
lower than in the hosts of RQ AGNs (Dicken et al. 2012;
Floyd et al. 2013); the environment is denser around
RL AGNs than around RQ AGNs (Mandelbaum et al.
2009; Shen et al. 2009; Donoso et al. 2010; Falder et al.
2010; Ramos Almeida et al. 2013). The dependence of
radio loudness on host-galaxy properties is also indi-
cated by studies based on samples selected from mas-
sive optical and radio surveys (Kauffmann et al. 2008;
Best & Heckman 2012; Gu¨rkan et al. 2015). In the lat-
ter studies, the comparison of the host properties were
performed by pairing radio-loud AGNs with radio-quiet
AGNs in redshift, stellar mass, and velocity dispersion
(σ⋆). Because, for such a set of parameters, the results
can be significantly biased by the fact that the paired
objects may have very different Eddington ratios, we
decided to perform similar studies but pairing radio-
loud and radio-quiet AGNs in redshift, BH mass (MBH,
given by σ⋆), and the Eddington ratio λ.
In this paper, we concentrate on Type 2 (i.e. obscured
AGNs) with Eddington ratios λ > 0.003 and we look for
differences between galaxies hosting AGNs with radio
emission associated with a jet activity, and galaxies not
detected in radio (see Section 2.2). By limiting ourselves
to obscured AGNs, we avoid pollution of the spectra by
the broad Hβ and Fe ii lines arising in the vicinity of BHs
as well as contamination of the stellar continuum by the
emission from the AGNs. And by limiting ourselves to
λ > 0.003, we avoid in our sample AGNs with radia-
tively inefficient accretion flows (e.g. Best & Heckman
2012; Stern & Laor 2013).
Our master sample of galaxies is the seventh re-
lease of the Sloan Digital Sky Survey (SDSS DR7,
Abazajian et al. 2009). Our master sample of radio
galaxies is the Best & Heckman (2012, BH12) cata-
log, obtained by cross-matching the DR7 Main Galaxy
Sample (Strauss et al. 2002) and Luminous Red Galaxy
Sample (Eisenstein et al. 2001) with radio sources from
the NRAO VLA Sky Survey (NVSS, Condon et al.
1998) and the Faint Images of the Radio Sky at Twenty-
centimeter (FIRST, Becker et al. 1994) catalogs1.
The organization of the paper is as follows. In Section
2, we explain how the final database was selected and
describe how the parameters necessary for our analysis
were obtained. In Section 3, we characterize our samples
of radio-loud and radio-quiet galaxies. In Section 4, we
compare the photometric and spectroscopic properties of
the two samples by using a pairing technique. In Section
5, we compare the morphological properties of the galax-
ies in our radio-loud sample and in the matched galaxies
of our radio-quiet sample. In Section 6, we summarize
our results and speculate on possible interpretations.
Throughout the paper, we consider a λCDM cosmol-
ogy with H0 = 70 km s
−1 Mpc−1, Ωm = 0.30, and
Ωλ = 0.70.
2. THE DATA
2.1. Optical
The galaxies are selected from the SDSS DR7
database (Abazajian et al. 2009) with the criteria de-
scribed in Sect. 2.1.2. The SDSS DR7 spectrophoto-
metric calibration is inadequate for extended sources, so
we applied a flux renormalization correction to match
the spectral flux to the fiber photometry in the r band
(the ‘spectofibre’ factor provided by the MPA-JHU team
at http://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/
raw_data.html, as in, e.g. Thomas et al. 2013). The
SDSS spectra have been processed with the spectral
synthesis code starlight as described below.
2.1.1. Data processing with starlight and derived
quantities
starlight (Cid Fernandes et al. 2005) is an inverse
stellar population synthesis code that recovers the stel-
lar population of a galaxy by fitting a pixel-by-pixel
1 Data considered in this paper are available as ascii files at
10.5281/zenodo.835591
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model to the observed spectrum (excluding bad pixels,
narrow windows where emission lines are expected, and
the region of the Na D doublet). The model is a lin-
ear combination of 150 simple stellar populations’ tem-
plates of given age t⋆ and metallicity Z/Z⊙. The ages
range between 1 Myr and 18 Gyr, and the metallicities
between 0.005 and 2.5. The templates are obtained in
the same way as in Cid Fernandes et al. (2010), i.e. us-
ing Bruzual & Charlot (2003) evolutionary stellar pop-
ulation models, with the STELIB library of stellar at-
mospheres (Le Borgne et al. 2003), ‘Padova 1994’ stel-
lar evolution tracks (Bertelli et al. 1994), and Chabrier
(2003) initial mass function.
The stellar dust attenuation A∗
V
is obtained by
starlight, adopting a Cardelli, Clayton, & Mathis
(1989) extinction law with RV = 3.1 by requiring that
the reddened modeled spectrum matches the observed
one.
The intensities of the emission lines were measured
by Gaussian fitting after subtracting the modeled stel-
lar spectrum from the observed one, which eliminates
contamination by stellar features.
The nebular extinction Aneb
V
was computed from
the measured Hα/Hβ emission-line ratio by assum-
ing an intrinsic ratio of 3 and a Cardelli et al. (1989)
law with RV = 3.1 and the emission-line fluxes were
then corrected for nebular extinction. More details on
the adopted procedures can be found in Mateus et al.
(2006), Stasin´ska et al. (2006), Asari et al. (2007) and
Cid Fernandes et al. (2010).
All the data used in this paper can be retrieved from
the starlight database2 (Cid Fernandes et al. 2009).
The total stellar masses of the galaxies, M⋆, were ob-
tained as in Cid Fernandes et al. (2005), assuming that
the mass-to-light ratios are the same outside and inside
the fiber and scaling the stellar masses encompassed by
the fiber by the ratio between total (from the photo-
metric database) and fiber z-band luminosities. This
correction is smaller than a factor of two in a large por-
tion of our sample, but can amount to factors of up
to eight. On the other hand, we do not correct the
emission-line luminosities for aperture effects, since the
emission lines are expected to be emitted mainly in the
inner regions of the considered galaxies (see however the
proviso expressed in Section 2.1.2). We also make use of
some parameters related to the star-formation histories
and stellar mass growth extracted from the starlight
database and explained in the next sections.
2 http://www.starlight.ufsc.br
To convert LHα to Lbol we follow Netzer (2009, equa-
tion 1), using the expression
log(Lbol/L⊙) = log(LHα/L⊙) + 3.01 + C, (1)
where C ≡ max{0.0, 0.31(log[O iii]/Hβ − 0.6)}.
The black-hole mass,MBH, is estimated from the stel-
lar velocity dispersion determined by starlight, σ∗,
using the relation by Tremaine et al. (2002):
log(MBH/M⊙) = 8.13+4.02 log(σ⋆/200 km s
−1). (2)
The Eddington ratio is defined as λ = Lbol/LEdd,
where LEdd [L⊙] = 3.3×10
4MBH [M⊙] (Heckman & Best
2014, equation 4).
2.1.2. The optical samples
1. We consider galaxies belonging either to the Main
Galaxy Sample (Strauss et al. 2002) or to the
Luminous Red Galaxy sample (Eisenstein et al.
2001).
2. In order to allow a reliable analysis of the stellar
populations, we require a signal-to-noise ratio in
the continuum at 4020 A˚ of at least 10 (see justi-
fication in Cid Fernandes et al. 2005).
3. A small fraction of the remaining galaxies (0.2%)
for which the Petrosian half-light radius is negative
or the stellar mass is smaller than 107M⊙ in the
starlight database are also eliminated.
These criteria select 673,807 galaxies.
Further criteria are adopted to extract galaxies con-
taining an AGN and for which the treatment we apply
(in particular, the estimation of the Eddington ratio)
are expected to be valid.
1. We impose the redshift z to be larger than 0.002
to guarantee that luminosity distances are not
dominated by peculiar motions (e.g. Ekholm et al.
2001) and smaller than 0.4 to include the Hα line
in the spectrum.
2. We remove galaxies with stellar velocity disper-
sions smaller than 70 km s−1 to obtain meaningful
black-hole masses.
3. We remove galaxies with faulty pixels around im-
portant diagnostic emission lines, requiring at
least 75% of good pixels at one sigma from the
peak of [O iii]λ5007, [N ii]λ6584, Hα, and Hβ (the
same criterion as used in Stasin´ska et al. 2015).
4 Kozie l-Wierzbowska et al.
4. We impose an S/N in those lines of at least 1.5.
With such a low limit on the S/N, we cannot en-
sure that the position in the [O iii]/Hβ versus
[N ii]/Hα diagram (the so-called BPT diagram,
after Baldwin et al. 1981) is always accurate, but
it is sufficient for our needs. The presence of Hβ
is necessary to correct the line emission for extinc-
tion.
5. We keep only galaxies that lie above the K01 line
(after Kewley et al. 2001) in the BPT diagram to
remove galaxies dominated by star formation.
6. We remove galaxies that could be ‘retired’ galaxies
according to the EW(Hα) versus [N ii]/Hα dia-
gram (the WHAN diagram, see Cid Fernandes et al.
2011). Although these galaxies lie in the zone of
LINERs in the BPT diagram, their emission lines
can be produced by hot low-mass evolved stars
(HOLMES) and not by an AGN. Since we have
no way to distinguish a priori in which galaxies
the Hα emission is due to gas ionized by HOLMES
and in which ones it is due to a weak AGN, we
consider it safer, for the purpose of this paper, to
remove all the galaxies with EW(Hα) < 3. Note
that this criterion drastically reduces the sample
from 76,077 to 19,883 galaxies.
This is our main sample and comprises 19,883 objects.
2.2. Radio
2.2.1. Catalogs
We consider the sample of 18,286 radio galax-
ies from Best & Heckman (2012) downloaded from
http://vizier.cfa.harvard.edu/viz-bin/VizieR?
-source=J/MNRAS/421/1569. This sample was ob-
tained by refined automatic procedures to cross-match
the SDSS DR7 galaxy sample with radio sources from
the NVSS and FIRST catalogs. Note that the SDSS
catalogs used by Best & Heckman are the same as the
ones in our project (Sec. 2.1.2). Note also that the
FIRST catalog was designed to cover the same sky
area as SDSS. The cross-matching goes down to a flux
density of 5 mJy, corresponding to radio luminosities
of L1.4= 1.27 × 10
23 W Hz−1 at redshift z = 0.1.
In their work, Best & Heckman classified galaxies into
star forming (SF) or AGN depending on whether the
radio emission is produced by AGN jets or is identi-
fied with star-formation processes3. We have removed
from the present study those radio sources classified by
3 In the Best & Heckman (2012) catalog AGNs were separated
from star-forming galaxies using a combination of criteria involv-
Best & Heckman (2012) as star forming and kept only
those objects that were classified by them as AGNs.
They form what we call the L1.4 AGN sample.
We have analyzed the radio and optical images of these
objects and found a few cases where the SDSS galaxy
associated by Best & Heckman to a radio source is a
misidentification. These are SDSS J150134.73+544734.0,
SDSS J123959.04+370505.1, SDSS J154322.93+225036.0
and SDSS J111209.78+194052.5. Those objects were
removed from further consideration. On the other
hand, we noted that the Best & Heckman (2012) cat-
alog lacks 78 of the extended radio sources presented
in Sikora et al. (2013). Most of these missing radio
galaxies are genuine FR II or FR I radio galaxies
(Fanaroff & Riley 1974) with large radio fluxes (the
starting catalogs for the cross-matching of radio with
optical data in Sikora et al. 2013 were the Cambridge
catalogs, which are significantly shallower than FIRST
or NVSS). This suggests that the Best & Heckman
(2012) catalog might also be missing many extended
radio sources with weak total radio fluxes. It is difficult
to assess, at the present stage, how the results of this
paper would be changed if one had a more complete cat-
alog of radio sources. We therefore consider our results
still preliminary, until a more complete catalog of radio
galaxies is produced.
2.2.2. Samples
For the remainder of the study, we only consider ob-
jects with λ ≥ 0.003. Our radio-loud sample (from now
on referred to as the RL sample) is composed of all the
galaxies from the L1.4 AGN sample that have λ ≥ 0.003
and contains 376 objects. Our radio-quiet sample (from
now on referred to as the RQ sample) is composed of
all the objects in our main sample that have λ ≥ 0.003,
which are not in the BH12 catalog, and whose radio
loudness parameter (defined by Sikora et al. (2013) to
be R ≡ L1.4[W Hz
−1]/LHα[L⊙], where L1.4 is the radio
luminosity at 1.4 GHz) estimated from the detection
limit of the radio catalogs is such that log R < 15.8.4
It has 10,918 objects. For the reader’s convenience Ta-
ing the relationship between the 4000 A˚ break strength and the
ratio of radio luminosity per stellar mass, the position in the BPT
diagram, and the relation between the Hα emission-line luminos-
ity and the radio luminosity. The total number of radio-AGNs in
the Best & Heckman catalog is 15,300 out of 18,286 objects.
4 The radio loudness defined by Kellermann et al. (1989) is
R(K) = L5/LνB , where L5 is the radio luminosity at 5 GHz. For
a radio spectral index αR = 0.8, using equation 1 and Lbol = 5×
(νBLνB ) (Runnoe et al. 2012), we obtain R
(K) ≃ 1.6× 10−15R.
This implies that the commonly used criterion to coin ‘radio-loud’
AGNs, R(K) > 10, translates into logR > 15.8.
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Table 1. The different samples and subsamples considered in this paper.
Sample Description Color in figs N Criteria
main – – 19, 883 SDSS MGS or LRG, S/Nc ≥ 10, S/NBPT ≥ 1.5,
no sky contamination, above K01, WHα > 3 A˚,
0.002 ≤ z ≤ 0.4, σ⋆ ≥ 70 km s−1
L1.4 Radio-detected – 1, 101 subset of main, in the BH12 catalog
(detected in L1.4 by FIRST or NVSS)
L1.4 AGN Radio AGN green 617 subset of L1.4 classified as AGN by BH12
RL Radio-loud AGN red 376 subset of L1.4 AGN, misidentifications removed, λ ≥ 0.003
RQ Radio-quiet AGN light blue 10, 918 subset of main, not in the BH12, λ ≥ 0.003, R(upp) < 15.8
mRQ Pair-matched radio-quiet AGN dark blue 911 subset of RQ, pair-matched to RL
CRL Cleaned radio-loud AGN red 134 subset of RL, cleaned from SF contamination
CRQ Cleaned radio-quiet AGN light blue 3, 013 subset of RQ, cleaned from SF contamination
mCRQ Pair-matched cleaned radio-quiet AGN dark blue 296 subset of CRQ, pair-matched to CRL
Figure 1. Histograms with respect to the black-hole mass,
Eddington ratio and radio loudness parameter R. The radio
sources from Best & Heckman (2012) classified as AGNs (the
L1.4 AGN sample) are in green and the RL sample is in red.
ble 1 summarizes the various samples considered in this
paper.
Our notations RL and RQ do not correspond exactly
to the usual definition of radio-loud and radio-quiet. We
do use Kellermann’s criterion of radio loudness to elim-
inate from the RQ sample those objects that may have
radio jets but fall below the detection limit of FIRST
and NVSS surveys. But, on the other hand, we include
in our RL sample jetted AGNs that have R lower than
Kellermann’s limit. Therefore, in the RL sample, we
have radio-detected AGNs that are not radio-loud ac-
cording to the usual definition while in the RQ sample
we have only intrinsically radio-quiet objects.
Figure 1 shows the histograms of the L1.4 AGN and
RL samples as a function of the BH mass (left panel),
Eddington ratio (middle panel), and radio loudness R
(right panel). It can be seen that limiting the RL sample
by λ ≥ 0.003, i.e. keeping mostly sources with radia-
Figure 2. Left panel: the observed Hα luminosity versus
redshift for RL and RQ objects (red and blue points, re-
spectively). Right panel: the radio luminosity, L1.4 versus
redshift for RL objects (red points). The contours in these
diagrams correspond to 20% and 80% of the objects. The
normalized histograms shown on both axes use the same col-
ors.
tively efficient accretion, we exclude many radio sources
with high BH masses and high values of R.
3. CHARACTERIZATION OF OUR RL AND RQ
SAMPLES
Before proceeding to the pair-matching, it is interest-
ing to investigate the global properties of our RL and
RQ samples.
The left panel of Fig. 2 shows the observed (i.e. not
corrected for extinction) Hα luminosity as a function
of redshift for the RL and RQ objects (represented in
red and blue, respectively). The contours in these di-
agrams correspond to 20 and 80% of the objects. The
normalized histograms shown on both axes use the same
colors. The increase with redshift of the lower envelopes
of the samples is due to the limitation in magnitude of
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the SDSS galaxies. The fact that the Hα luminosities
of the RL samples do not reach the lowest values of the
RQ sample is due to the Best & Heckman (2012) catalog
being limited by a radio flux of 5 mJy. The right panel
of Figure 2 shows the radio luminosity, L1.4, of the RL
objects as a function of redshift. Again the increase of
the lower envelope with redshift is due to the flux limit
of the Best & Heckman (2012) catalog.
Figure 3 shows the positions of the RL and RQ objects
in the BPT diagram (left) and in the WHAN diagram
(right), using the same layout as Fig. 2 (left). We can
see that the distribution of the points in the BPT and
WHAN diagrams is very similar for both samples, sug-
gesting that the ionization conditions of the emitting gas
are very similar.
Figure 4 shows plots characterizing our RL and RQ
samples, with the same layout as Fig. 2 (left). The left
panel shows the values of MBH versus the galaxy stellar
mass, M⋆, the right panel shows those of MBH versus
λ. We see that MBH and M⋆ are strongly correlated
in our samples, as found in numerous studies related to
classical bulges and ellipticals (e.g. Ferrarese & Merritt
2000; Best et al. 2005; Gadotti & Kauffmann 2009;
Kormendy & Ho 2013), and that RL objects have on
average higher values of MBH and M⋆. This implies
that, to compare the properties of RL and RQ galaxies,
pairing in either MBH or M⋆ is needed, but that it is
not necessary to pair both in MBH and M⋆. The right
panel illustrates the trends mentioned in the Introduc-
tion that there is a much larger fraction of radio-loud
AGNs at larger BH masses and lower Eddington ratios.
Sources with small λ and small MBH are not visible
there because these are objects with Hα fluxes too faint
to be detected in SDSS spectra. On the other hand,
sources with high λ and high MBH are rare. We see
that at a given value of MBH AGNs can have values of
λ in a range of two orders of magnitude, implying that
it is necessary to pair the galaxies also in λ.
Figure 5 shows the values of the extinction derived
from Hα and Hβ (Aneb
V
, panel a) and of the u− r color
(panel b) as a function of λ, with the same layout as
Fig. 2. The histograms of Aneb
V
and u − r suggest that
the RL and RQ samples do not differ in Aneb
V
but differ
somewhat in u−r. However, as will be shown in the next
section, one needs to be careful with the interpretation of
such histograms since they only describe the properties
of global samples.
4. COMPARISON OF THE PROPERTIES OF
MATCHED RL AND RQ SAMPLES
If we wish to investigate what distinguishes RL and
RQ AGNs, we need, as argued before, to apply a match-
ing technique such as used by Kauffmann et al. (2008);
Masters et al. (2010); Wild et al. (2010), but with care-
fully selected parameters to be matched. To each object
of the RL sample, we associate one or several objects
from the RQ sample that have very similar values of
MBH, λ and z, i.e. similar AGN properties, and we
look for systematic differences in the remaining proper-
ties of those objects between the RL and RQ samples.
The matching in z is necessary to ensure that the cover-
ing fraction of the SDSS spectroscopic fiber is similar in
any pair of galaxies from the RL and RQ sample. It also
ensures that the morphological classification of RL and
matched RQ galaxies will be equally biased. The match-
ing in λ ensures that we compare objects with similar
rates of activity.
In practice, the matching is done as follows. For each
RL object, we select all the RQ objects that satisfy
|∆z| ≤ 0.03, |∆ logλ| ≤ 0.15, and |∆ logMBH| ≤ 0.15.
This procedure selects, on average, 61 suitable pairs for
each RL parent object. 62 galaxies in the RL sample
have no counterpart, 12 have only one match, 7 only
two matches, and the remaining 295 parents have at
least 3 suitable pairs. We compute the distances of
these RQ objects to their parent RL one according to
d2 = (∆z/rz)
2 + (∆ logλ/rλ)
2 + (∆ logMBH/rMBH)
2,
where rz , rλ and rMBH are the observed ranges of the
parameters z, log λ and log MBH. We then look for the
n objects with the lowest values of the distance d.
In the following, we show results for n = 3, which we
found to be the optimal compromise to ensure that the
statistics are reasonable without reducing the quality of
the match. Our matched sample thus contains roughly
three times more objects than the parent RL sample.
We note that one single RQ object may be matched to
more than one parent RL galaxy. We find 575 objects
with only one parent galaxy, 84 objects matched to 2
parents, 22 to 3, 9 to 4, 6 to 5, 6 to 6, and no galaxies
matched to 7 parents or more. We have tested our pro-
cedure to a randomly selected subset of the RQ sample
to be matched to the remaining RQ. We have verified
that the distribution of parameters in the matched RQ
sample is very similar to the the original RQ sample,
from which we conclude that our pair-matching proce-
dure does not artificially skew our results.
Figure 6 shows the histograms of selected parameters
for the objects in the RL sample (in red) and matched
RQ sample (in blue) dividing the objects into three bins
of the R values for the RL objects (to see if there are
any trends with radio loudness). The chosen radio loud-
ness bins are logR < 15.8; 15.8–16.8; and logR > 16.8.
Such a division is motivated by the fact that the value
logR = 15.8 (corresponding to R(K) = 10) is commonly
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Figure 3. BPT and WHAN diagrams for our RL and RQ objects, using the same representation as in Fig. 2. In the BPT
diagram, the continuous black curve is the K01 line. The dashed black curve corresponds to equation 3 and delimits our cleaned
samples, CRL and CRQ.
Figure 4. Distribution of our RL and RQ samples in several 2D diagrams: BH mass (MBH) versus stellar mass (M⋆), and
MBH versus Eddington ratio, (λ = Lbol/LEdd). The figure uses the same layout as Fig. 2.
Figure 5. Nebular extinction AnebV and the color u− r versus λ for our RL and RQ samples. The figure uses the same layout
as Fig. 2.
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Figure 6. Histograms of selected parameters for the objects
in the RL sample (in red) and the matched RQ ones (in
blue) in three R bins. The median values in each sample are
marked on top of the histograms; horizontal lines show the
quartiles. The range of R values is shown at the top, and
the number of objects is indicated above each bin in red for
RL and in blue for mRQ objects. The numbers in each panel
show the results of Anderson-Darling (top value) and Mann-
Whitney (bottom value) tests. Results more significant than
p < 0.003 and are marked in black, more significant than
p < 0.05 in dark gray, and others in light gray.
Figure 7. Histograms of selected parameters for the objects
in the RL sample (in red) in three R[O iii] bins. Histograms of
the RQ AGNs matched to RL ones from each bin are printed
in blue. The layout is the same as in Fig. 6. Results more
significant than p < 0.003 and are marked in black, more
significant than p < 0.05 in dark gray, and others in light
gray.
used to divide AGNs into RL and RQ samples (see foot-
note 4), while radio sources whose radio loudness is ten
times higher often have FR II morphologies (see, e.g.
Lu et al. 2007). Since the radio emission of AGNs with
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Figure 8. The same as Fig. 6 but for the cleaned samples,
CRL and mCRQ.
R(K) < 10 is expected to be associated with star forma-
tion (e.g. Kimball et al. 2011) or with regions of energy
dissipation of accretion disk winds (Blundell & Kuncic
2007; Zakamska et al. 2016), and because we have al-
ready removed those objects that BH12 associated with
star formation (see Sect 2.2.1), the radio emission of our
RL AGNs with logR < 15.8 is presumably dominated
by the winds. In each radio loudness bin, the median
values are materialized by the thick marks on the top of
the histograms (red for the RL sample and blue for the
matched RQ sample), and the quartiles by the horizon-
tal lines.
In each bin, the comparison between RL galaxies and
their matched RQ AGNs is made using two statistical
tests. The first is the Anderson-Darling (AD) test, and
the second is the Mann-Whitney (MW) test. Both give
the probability that two samples are drawn from the
same population. The values of these probabilities are
reported in each panel (top values are for the the AD
test). In black, we mark probabilities more significant
than p < 0.003, and in dark grey p < 0.05.
Of the parameters that were compared in the RL and
mRQ samples, only M⋆ and u − r have distributions
that are statistically indistinguishable (p > 0.05 in the
AD and MW tests). The result for the stellar mass
is of course expected since we performed the match in
MBH and since, as seen in Fig. 4, in our samples M⋆
is strongly correlated with MBH. We note that M⋆ in-
creases with R. We also see that the color u − r does
not show any specific trend with R and is similar in the
two matched samples. This seems contrary to what is
seen in Fig. 5. When we consider RL and RQ objects
globally, the difference in colors of their host galaxies is
noticeable, but when we match RL and RQ sources in
AGN properties this difference disappears.
From Fig. 6 we also see that the values of CI tend
to be larger in the RL sample than in the RQ sample
in the two bins with higher R. There is, however, a
large overlap. The significance of the difference in the
CI distributions is very high (p < 0.0001 according to
the AD and MW tests).
A similar behavior is seen in the case of the host-
galaxy axes ratio, b/a. RL galaxies have, on average,
larger b/a in the two highest R bins. Both CI and
b/a refer to the galaxy morphology, lower values of CI
and b/a pointing towards more disky galaxies. This is
thus a difference between hosts of RL and RQ galaxies
and should bear some information on the radio loudness
phenomenon. We also note that the full-widths at half-
maximum of the [O iii] line are marginally larger for the
RL sample than for the mRQ sample, being the largest
for the lowest R bin. The nebular extinction Aneb
V
de-
creases from the highest R to the lowest bin, and its
distribution in the RL and matched RQ samples differs
(p < 10−6 in the MW test) in the bins of largest R.
Finally, we note that the values of [O iii]/Hβ are larger
in the RL sample than in the mRQ sample in the bin
of highest R bin (although the difference is only moder-
ately significant).
However, the values of [O iii]/Hβ and of the lumi-
nosity of Hα itself, which we use to estimate the AGN
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bolometric luminosity, can be affected by H ii regions
in the host galaxies. One solution is to use the [O iii]
line to estimate the bolometric luminosity. As the pho-
toionization models of Stasin´ska et al. (2006) show, this
line is less affected by star formation than Hα and, al-
though alone it is not a good proxy of the AGN bolo-
metric luminosity (see Netzer 2009) because of metal-
licity and ionization effects, it is widely used by many
groups to calculate Lbol
5. We therefore constructed Fig.
7, which is identical to Fig. 6 but with the bolometric
luminosity, Eddington ratio, and radio loudness param-
eter calculated from the [O iii] line (to distinguish them
from parameters calculated using Hα, we add the index
[O iii]). As can be seen by comparing Fig. 6 and 7
the main results shown in Fig 6 still hold. As before,
the mass distributions of RL and RQ galaxies cannot by
distinguished, and there is still a significant difference
between the RL and mRQ samples in CI and b/a. How-
ever, the [O iii]/Hβ ratio is still different between RL
AGNs with logR > 17 and the matched RQ galaxies,
suggesting that also [O iii] is also affected by H ii re-
gions. Therefore, we go back to using Hα to measure
Lbol throughout the rest of our paper, and to test how
much our results may be affected by the H ii regions, we
use ‘cleaned’ samples as defined below.
We have to note that the K01 line, which, since
Kauffmann et al. (2003) is generally considered as de-
limiting pure AGNs from composite AGNs (i.e. objects
where part of the line emission is due to star forma-
tion and not to the AGN), may actually correspond
to as much as 70% of Hα arising from H ii regions
(Stasin´ska et al. 2006). If we want AGN hosts that are
not – or very little – contaminated by star formation,
we must select them in the upper-right part of the BPT
diagram. In practice, we use a line that is shifted with
respect to the Kewley et al. line and whose equation is
log[O iii]/Hβ =
0.61
log[N ii]/Hα− 0.67
+ 1.59. (3)
We then define what we call ‘cleaned’ samples, CRL and
CRQ, which contain, respectively, 134 and 3 013 objects.
We now construct Fig. 8, which is identical to Fig.
6 but with our cleaned samples CRL and mCRQ. The
number of sources has decreased by about a factor of two
to four compared to Fig. 6 but it is still high enough
to obtain significant results. We see in Fig. 8 that now
[O iii]/Hβ does not show any difference between the
5 The reason for using [O iii] to compute bolometric luminosities
in the literature is actually not that this line is less affected by star
formation, but simply that it is the strongest line in the spectra
of such objects. As argued by Koziel-Wierzbowska & Stasin´ska
(2011), this is not a good reason.
RL and mRQ samples in any R bin. The difference
in [O iii]/Hβ in Figure 6 was then probably due to the
presence of H ii regions in the RQ sample, which reduces
the combined [O iii]/Hβ ratios with respect to that of
pure AGNs. The smaller difference in Aneb
V
could also be
interpreted as due to the removal of objects containing
interstellar matter in the mCRQ sample.
We also see that, in the cleaned samples, the differ-
ence in the [O iii] line widths now disappears at large
R. Hence having broader [O iii] lines only in radio-
detected AGNs at logR < 15.8 supports the idea that
the radio emission in these objects is associated with ac-
cretion disk winds (or poorly collimated jets) and that
line broadening comes from depositing part of the wind
energy into the medium within the narrow line region.
But the most important result here is that the values
of CI and b/a are still significantly larger in the CRL
than in the mCRQ sample, confirming that there is a
real difference in optical morphology between radio-loud
and radio-quiet objects matched in AGN parameters.
We now investigate the differences in star-formation
histories of RL and RQ galaxies. The starlight analy-
sis of SDSS spectra allows us to study the star-formation
histories of our galaxies.
In Fig. 9 we compare the specific star-formation rate
(SSFR) of RL and matched RQ galaxies as a function of
lookback time, dividing them as before into three bins
in R of the parent RL objects. The SSFR is defined as
the ratio of the mass converted in stars at a time t to the
total mass ever converted in stars. It is obtained using
the starlight synthesis modeling which decomposes
the stellar populations of each galaxy into a combination
of simple stellar populations of various ages (Asari et al.
2007, Sect. 4.2 and specifically equation 6). Thus, for
each galaxy, we have a smooth curve of SSFR. What we
show in the plot is the median of all curves for all galax-
ies in a given logR bin, as well as the 25th and 75th
percentiles. Both the RL and the mRQ samples have
a greater recent SFR in the bin with the smallest R of
the parent RL galaxy. Since R increases with the stellar
mass (see Fig. 6) this may be only an effect of downsiz-
ing, where the less massive local galaxies presently form
more stars with respect to their mass. Significant dif-
ferences (p < 0.05 in the AD and MW tests) occur only
at log t ≤ 7.3 for the 15.8 ≤ logR < 16.8 bin, and at
9.7 ≤ log t ≤ 9.8 for the logR ≥ 16.8 bin. However, the
upturn for RL at ages log t < 7.5 is probably artificial
and should be disregarded (see the discussion on blue
horizontal branches stars in stellar population models
in Ocvirk 2010 and Stasin´ska et al. 2015). The differ-
ence at large ages in the bin logR ≥ 16.8 is noticable
only in the last two age bins.
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Figure 9. Star-formation histories for the RL and the matched RQ samples, for the same three bins in R as in Fig. 6. The
medians of the specific star-formation rates are the represented by the thick curves and the the 25th and 75th percentiles by
the thin ones (red for RL and blue for RQ).
5. MORPHOLOGICAL CLASSIFICATION
Fig. 6 reveals a puzzling picture: RL and RQ galaxies
have the same u − r color but differ in concentration
index, CI being, on average, larger for RL objects. This
result is a priori surprising, since it is known that galaxy
colors and concentration index are correlated. How-
ever, there is a certain dispersion in the relation (e.g.
Dobrycheva & Melnyk 2012). This is why it is inter-
esting to confirm our conclusion on concentration index
by visually inspecting the optical morphologies of the
galaxies in our RL and matched RQ samples.
We have selected all of the galaxies from the RL sam-
ple that have at least one pair (314 objects) and their
closest mRQ match (268 objects, of which 233 are a
match to only one RL parent). Six classifiers looked at
102.4′′ × 102.4′′ color images of a total of 582 galaxies.
We show the results for all classifiers. Our classification
scheme labeled galaxies according to (a) their morphol-
ogy (elliptical, distorted, spiral, lenticular, and ring) and
(b) interaction signatures (major or minor merger based
on sky projection, tail, suspected interaction, or no sign
of interaction).
Mergers are defined as objects having another bright
source very close or superimposed on their image; ma-
jor mergers are those for which the brightness of two
interacting objects are comparable by eye. Suspected
interactions refer to galaxies with a close—but not too
close—companion and a low-surface brightness bridge or
some small disturbance in one of the interacting galax-
ies. Distance issues are minimized by the fact that the
RL and mRQ samples are matched in redshift.
The panels of Fig. 10 show in different shades of red
the fraction of RL objects classified as elliptical, lentic-
ular, distorted, ring, and spiral galaxies for the same
radio loudness bins as Fig. 6 for all classifiers. Galaxies
are classified as belonging to a morphological class if the
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Figure 10. Cumulative fraction of RL (shades of red) in
three R bins and their matched RQ galaxies (shades of blue),
which we classified as elliptical, lenticular, distorted, ring, or
spiral galaxies. We classify galaxies for which > 65% of the
classifiers (four out of six) agree; the remaining objects are
marked as uncertain. We use the same bins in R as in Fig.
6: R1 corresponds to logR < 15.8, R2 to 15.8 ≤ logR <
16.8, and R3 to logR ≥ 16.8; there are 84, 150, and 80
RL galaxies in R1, R2 and R3 respectively, and there is the
same number of paired RQ galaxies. The values on the top
of each panel show the results of Fisher and χ2 two-sample
tests for elliptical and other galaxies. As in Fig. 6, results
more significant than p < 0.003 are marked in black, more
significant than p < 0.05 in dark gray. For clarity, fractions
that contribute very little to the total have been adequately
colored but not labeled with a letter.
agreement between classifiers is greater than 65% (i.e. at
least four out of six classifiers agree). Otherwise, galax-
ies are marked as uncertain. RQ objects matched to
the RL in each R bin are shown in shades of blue. The
behavior of the elliptical fraction closely mimics that of
CI: the fraction of ellipticals among RL objects is larger
than among the matched RQ galaxies (p < 0.003) for
R > 15.8. We note that the low-CI galaxies are not spi-
rals: in our classification scheme, they are either lentic-
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Figure 11. Results on morphology from Galaxy Zoo 1:
cumulative fraction of RL (red) in three R bins and their
matched RQ galaxies (blue) classified in GZ1 as elliptical,
spiral, or uncertain. The layout is the same as in Fig. 10.
ulars/S0 systems or distorted galaxies. The fraction of
RL ellipticals is larger in the bins with higher R, while,
as expected, there is no significant trend in the fraction
of ellipticals in the matched RQ sample.
As a comparison, we also show results for Galaxy
Zoo 1 (GZ1, Lintott et al. 2008, 2011). In the Galaxy
Zoo project, volunteers morphologically classified almost
900,000 of SDSS galaxies. In the GZ1, the classifiers
could choose between six categories: elliptical galaxy,
clockwise, or anticlockwise spiral galaxy, edge-on galaxy,
star/artifact or merger. About 93% of our RL and first
matches from RQ galaxies were classified in this project.
Each galaxy was classified repeatedly by different clas-
sifiers and for each of them the GZ1 gives the probabil-
ity of the assigned morphological type. Fig. 11 shows
the fractions of elliptical, spiral, and uncertain galaxies,
including only objects for which the probabilities of a
galaxy being spiral or elliptical are at least 65% (which
should result in < 10% of misclassifications, according
to Lintott et al. 2008). Although our and GZ1 classifi-
cation schemes are different, the results on the fractions
of ellipticals in the RL and matched RQ samples are
consistent.
Fig. 12 and 13 show the fraction of signatures of inter-
action for the RL and mRQ samples in GZ1 and in our
classification schemes. In the case of our results, we use
a conservative definition of interactions and consider as
interacting only galaxies with a tail, or major and minor
mergers. After Darg et al. (2010), we qualify as inter-
acting, in both schemes, all the galaxies for which the
probability of being merger (i.e. for which the fraction
of votes for being a merger) is larger or equal to 40%.
There is no systematic difference between RL and RQ
galaxies in either panel. This result is in apparent con-
tradiction with Chiaberge et al. (2015), who find that
radio-loud galaxies are mergers. However, their sample
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Figure 12. Cumulative fraction of RL galaxies in three R
bins and their matched RQ galaxies showing signs of inter-
action. We classify galaxies as interacting if > 40% of the
classifiers (> 2 out of 6) have seen clear signs of interactions.
The layout and the number of galaxies in each bin is the
same as for Fig. 10.
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Figure 13. Cumulative fraction of RL galaxies in three R
bins and their matched RQ galaxies classified as mergers in
GZ1. The panels show the fraction of galaxies with proba-
bility of being mergers larger than 40%. The layout is the
same as for Fig. 11.
is quite different from ours: they consider FR II radio
galaxies at redshifts z > 1, while our sample contains
mostly compact radio sources at z ∼ 0.1. In addition,
they did not compare their radio-loud and radio-quiet
samples in mass bins. Since on average radio-loud galax-
ies have higher masses than radio-quiet ones, and since
more massive galaxies tend to be found in the densest en-
vironments (Goto et al. 2003), their result might well be
related to galaxy masses rather than to radio loudness.
The larger fraction of mergers in the radio-loud sample
of Chiaberge et al. (2015) can also be related to higher
BH masses. Chiaberge et al. (2015) do not provide in-
formation on BH masses in their samples, but assuming
that their radio galaxies act at similar Eddington ratios
as ours, larger masses of their BHs (∼ 109 M⊙) might
be deduced from the larger luminosities of their hosts or
their larger radio luminosities.
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We must also note that one cannot exclude the pos-
sibility that many (if not most) very radio-loud AGNs
are triggered by mergers. However, they do not have to
be major mergers. It may be that the activation of the
quasar phase took place more than 108 years after the
merger event (see, e.g. Blank & Duschl 2016, and refer-
ences therein). Then, the signs of a galaxy merger at the
epoch of the AGN activation will be visible only in the
very central region, particularly if it is a minor merger.
For example, the fact that Cyg A, a nearby (z = 0.056)
powerful FR II radio galaxy, was most likely activated
by a merger, was deduced only after using adaptive op-
tics imaging (Canalizo et al. 2003; Privon et al. 2012).
A few notes on the statistical tests used in this sec-
tion. We have considered the morphological classifica-
tions as categorical data tables. Thus we confront the
null hypothesis that the RL and mRQ have the same
morphological classifications by applying the Fisher ex-
act test and the chi-square two-sample test. The Fisher
exact test can be applied only for binary data, so the
null hypothesis is that RL and mRQ have the same pro-
portion of ellipticals and other classes), or the same pro-
portion of interacting and non-interacting galaxies. The
chi-square two-sample test is applicable to categorical
data in contingency tables, and it is reliable when most
(∼ 80%) data bins have > 5 counts. To meet this cri-
terion, we define our null hypothesis as RL and mRQ
having the same distribution of ellipticals and others.
Because we want to avoid choosing a model for our data
and for data outliers, we apply non-parametric tests.
Since non-parametric tests are unknown to exist in the
Bayesian framework (see, e.g. Wall & Jenkins 2003,
chapter 5), we are obliged to rely on classical rather
than Bayesian statistical methods.
6. CONCLUSIONS
In order to find some clues regarding the conditions
leading to the presence of radio jets in AGNs, we have
compared samples of RL and RQ AGNs. The AGNs
were extracted from the SDSS DR7 database, exclud-
ing those objects for which the Hα luminosity could
be dominated by the ionization by old stellar popula-
tions (Cid Fernandes et al. 2011). The RL sample was
extracted from the catalog of Best & Heckman (2012)
removing those galaxies where according to those au-
thors the radio emission comes from star formation, and
removing a few misidentifications.
In order to avoid effects of having different average
BH masses and accretion rates in radio-loud and radio-
quiet samples of AGNs, we compared properties of their
hosts by matching them in BH mass and Eddington ra-
tio. Matching in both these parameters allows us to
study the differences between galaxies hosting RL and
RQ AGNs that have the same basic accretion parame-
ters.
We have limited our AGN samples to Type 2, i.e. ob-
scured nuclei, so as to avoid pollution of the spectra by
the AGN continuum and by features from the broad line
region. We have also limited them to λ > 0.003, to fo-
cus mainly on radiatively efficient accretion flows (e.g.
Best & Heckman 2012; Stern & Laor 2013).
We have noted that delimiting the AGN sample in the
BPT diagram by the commonly used K01 line, which is
generally considered to delimit pure AGNs from com-
posite ones, the presence of a certain amount of star
formation affects some of our results. We have there-
fore also considered ‘cleaned’ samples, by removing ob-
jects that lie not far above the K01 line. This results in
a sample that is much less affected by star formation,
but unfortunately reduced. However, we find that the
results from the cleaned samples corroborate the ones
from the uncleaned ones.
Our main results can be summarized as follows.
1. The colors u−r of the RL hosts and of their paired
RQ hosts are similar and do not show any depen-
dence on R.
2. We do not find any significant difference between
the RL and RQ samples in star-formation histories
deduced from the stellar population analysis.
3. The RL AGNs at logR < 15.8 have broader [O iii]
lines, which may be connected to the fact that
their radio emission comes from accretion disk
winds.
4. The concentration index CI of the RL hosts is
larger than that of the paired RQ hosts for a radio
loudness log R > 15.8, and so is the geometrical
parameter b/a.
5. The RL galaxies are of earlier morphological types
(mostly elliptical) than the RQ galaxies (mostly
lenticular).
6. The fractions of interaction signatures in RL and
RQ host galaxies are similar.
It must be noted that even as regards parameters for
which the RL and RQ samples show differences, there
is a large overlap between the two samples. However,
if the jet production is associated with one of the two
accretion modes suggested to interchangeably operate
at similar rates (Ko¨rding et al. 2006; see also Livio et al.
2003; Nipoti et al. 2005), the overlap could be caused by
the fact that some galaxies in RQ sample can be in fact
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RL but in a radio quiescence state at the moment. If
present, this mixing cannot be removed from our sample,
and may cause the results to be blurry.
Nevertheless, our results demonstrate that the effi-
ciency of the jet production is not fully determined by
just the Eddington ratio and BH mass. From a the-
oretical point of view, further differentiation of the jet
production efficiency is likely to be provided by the mag-
netic flux accumulated in AGN centers and, in the case
of launching a jet via the Blandford-Znajek mechanism,
also by the BH spin.
The relation between radio loudness and the host-
galaxy morphological type that we have found (the
larger the radio loudness, the earlier the type of the
host galaxy) is actually consistent with these theoret-
ical predictions. A recent study by Ruiz et al. (2015)
suggests that heavier dark matter halos are expected to
have a larger amount of gas, the inflow of this gas to
galactic centers may provide the right conditions to ad-
vect and accumulate the magnetic flux there (Cao 2011).
This may result in the RL AGN pre-phase suggested by
Sikora et al. (2013) and explored by Sikora & Begelman
(2013). In addition, as modeling of cosmological evolu-
tion of supermassive BHs indicates, the BHs in gas-poor
galaxies tend to have larger spins than the BHs hosted
by later-type galaxies (Volonteri et al. 2013).
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